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EXECUTIVE SUMMARY 

 
 
 
 Submarine landslides are becoming more and more a cause of great 
concern to specialists, hazard mitigation officials, and state and federal agencies 
dealing with natural hazards due to their potential for generating tsunamis. 
These tsunamis can vary from catastrophic events, for which there is evidence 
pre-historic evidence, down to smaller scale, but still very dangerous, events. 
They are of great concern not only for their magnitude, but also because they 
may have no detectable precursors (unlike earthquake tsunamis), and can be 
generated locally, implying a few minutes before they can reach a populated 
area. 
 
 Since the studies in which the amphitheater shaped scar at the south slope 
of the Puerto Rico Trench was first identified as the result of a submarine 
landslide, there has been concern about what could be the implications for 
Puerto Rico if all the slope material went down as a single event. In this study 
we make a first attempt to quantify what could happen if it happens again, using 
an Extended Boussinesq wave model developed at Cornell University. The 
model, called COULWAVE, is still under development, and its progress can be 
followed by assessing its WEB page at 
http://ceeserver.cee.cornell.edu/pjl2/research_web/COULWAVE/ .  
 
 Five landslide time scales (time of duration of the slide) were 
investigated: 1000, 1500, 2000, 3600, and 7200 seconds. They all give 
extensive flooding all along the north coast of Puerto Rico, extending many 
miles inland and highlighting the seriousness of the latent threat existing all 
along the Puerto Rico Trench as far as we in Puerto Rico are concerned. Much 
has been said and written in national news and press about the threat that 
submarine landslides offer both the western and eastern seaboard of the United 
States of America. But nothing has come out about the same threat here in 
Puerto Rico and the U.S. Virgin Islands. It is the goal of this study to raise the 
awareness of the stakeholders in Puerto Rico about this threat
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INTRODUCTION 
 

There is unequivocal evidence of a pre-historical gigantic submarine slope failure with a 
displaced volume that has been estimated at approximately 1500 km3 by Schwab et al. (1991) 
and approximately 910-1050 km3 by Grindlay (1998). Its location is the southern slope of the 
Puerto Rico Trench, about 37 kilometers off the north coast of Puerto Rico (see Figure 1). It is 
approximately 55 km across (east-west), has a crown in a water depth of approximately 3000 m, 
and extends to a water depth of approximately 6000 m (images of the scarp can be seen in Figure 
6 in Appendix 1 and the figures in Appendix 3). The trench is the surface trace of a southward-
dipping Benioff zone (Grindlay et al., 1997), and it includes the deepest part of the Atlantic 
Ocean with depths up to 8.4 km. Because of the obvious concern by the Puerto Rico emergency 
managers, the Puerto Rico State Emergency Management Agency (PRSEMA) (previously 
known as the Civil Defense) and the University of Puerto Rico Sea Grant College Program 
(UPRSG), sponsored a research project with the purpose of ascertaining what could be expected 
along the north coast of Puerto Rico if a submarine slope failure of this same magnitude were to 
occur again as a catastrophic event, i.e., the entire mass disintegrating rapidly. A contract (C-99-
02) was signed between PRSEMA and the Center for Research and Development of the 
University of Puerto Rico in which funds were supplied to the University of Puerto Rico in order 
to subcontract Dr. Nancy Grindlay, of the University of North Carolina at Wilmington, N.C., to 
estimate the amount of material involved in the slope failure using new ocean bottom data, and 
to make an estimate of the density of the material. An additional contract was signed with the 
company HydroMath LLC, in which Dr. Philip Liu and Mr. Patrick Lynett, Ph.D. candidate, of 
Cornell University, were to apply a new wave model (COULWAVE), together with a simple 
slump model, in order to estimate the expected coastal flooding under various slumping time 
scale scenarios.  

 
In this report we will put together Grindlay’s 1998 report and the recent modeling results 

obtained by the Cornell Ph.D. graduate student, Mr. Patrick Lynett, who has been the developer 
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Figure 1 – Location map showing the island of Puerto Rico, the Puerto Rico Trench, and the 
location of the scarp (taken from Figure 1 in Grindlay, 1998; see Appendix 3). 
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of COULWAVE as part of his dissertation. We will also include the report submitted by Liu and 
Lynett about the model, including the user’s manual. Finally, flood maps will be presented based 
on the results obtained by Lynett. 
 
SUBMARINE SLOPE FAILURES AND ASSOCIATED TSUNAMIGENIC THREAT 
   

Rapid submarine slope failures (as well as subaereal ones) can take many forms and 
shapes: falls, slumps, slides, debris flows, grain flows, and turbidity currents. A fall occurs when 
loose rock or sediment is dislodged and drops from ve ry steep or vertical slopes. A slide  occurs 
when a mass of rock or sediment is dislodged and moves along a plane of weakness, such as a 
fault, fracture, or bedding plane. A slide that separates along a concave surface is a slump. A 
flow occurs when a mass of rock fragments or sediment moves downslope as a highly viscous 
fluid. Figure 2 sketches these different slope failures. 
 

 
Figure 2 – Sketch describing the differences between falls, slides, slumps, and flows (taken from 
Chernicoff and Venkatakrishnan, 1995, page 371).  

 
A good review of the topic of submarine landslides is given by Hampton et al., 1996), 

and we will quote and summarize some of the material covered in the review here. The first thing 
they tackle is the terminology or semantics. “Submarine landslides”, or just “slides”, will be used 
to describe almost all of the above-mentioned slope failures.  

 
 Quoting from Hampton et al., 1996: 

 
“Landslides possess two essential features: a rupture surface (failure surface, slide 

surface) and a displaced mass of sediment or rock [see Figures 3a and 3b in this report, taken 
from Brunsden and Prior, 1984]. The rupture surface is where failure took place and downslope 
movement originated, and more than one such surface may be present in a particular landslide 
complex. The displace mass is the material that traveled downslope. It commonly rests partly on 
the rupture surface, but it might have moved completely beyond it. Moreover, the displaced mass  
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Figure 3a – Features of submarine landslides (from Brunsden and Prior, 1984) 
 

 
Figure 3b – Morphometry of slump movement systems (from Brunsden and Prior, 1984). 
 



 5 

 
might remain intact, slightly to highly deformed, or it might break up into distinct slide blocks. In 
some slides, all or part of the mass completely disintegrates, producing a flow. 

 
Following the terminology of Varnes [1978], the main scarp (or headwall scarp) is the 

upper part of the rupture surface vacated by the displaced mass. Crown cracks may exist within 
marginally stable material upslope from the main scarp, and minor scarps may exist within the 
displaced mass itself. The upslope terminus of the displaced mass is the head of the landslide, 
and the downslope terminus is the toe. The toe region of the displaced mass can have an elevated 
surface created by resistance to downslope movement or rotation. 

 
The rupture surface, particularly in mechanically homogeneous material, commonly is 

concave upward and scoop-shaped. Accordingly, motion of the displaced mass is rotational, 
whereby the original seafloor is backtilted. Such slides are formally termed “rotational slides”, 
or “slumps”. However, if mechanical inhomogeneities such as bedding planes control failure, 
the rupture surface is more or less planar, movement is translational, and the landslide is called 
a “translational slide”. Sliding that occurs serially as numerous adjacent failures that progress 
upslope is termed “retrogressive”. 

 
End of quote from Hampton, et al., 1996. 
 

They go on to state that submarine landslides can be orders of magnitude larger than 
subaerial landslides. While the largest known Quaternary subaerial landslide is given as the 26-
km3 Mount Shasta slide (Crandell et al., 1984), the largest submarine slide is the Agulhas slide 
off South Africa, with a volume of 20,000 km3.  

 
Very steep slopes are not required, since submarine debris flows have been documented 

on very gentle slopes, i.e. less than 1° (Elverhoi et. al., 2000), a Gulf of Alaska slide in a 0.5° 
slope (Carlson, 1978), an offshore of northern California slide in a slope of 0.25° (Field et al., 
1982), and a Mississippi River delta slide in a slope of 0.01° (Prior and Coleman, 1978). 
Elverhoi et al. (2000) show that hydroplaning may be a reason for the near frictionless movement 
of some slides. Another interesting result is that it has been found that some of them act as if the 
water were not present as far as hydrodynamic-drag forces (both at the front and on the top of the 
moving mass) are concerned (Hampton et al., 1996). 

 
The stratification into the above categories (slump vs. slide vs. flows) is not 

straightforward, since typically the slope failure may start as one, say as a slide (basal failure of 
topography that moves downslope in coherent blocks), and along the way it may disintegrate, 
changing into debris or grain flow, and possibly changing further downslope into a turbidity 
current (a dense turbid slurry of sediment and water).  
 

According to Grindlay (1998), the big amphitheater-shaped scarp along the south slope of 
the Puerto Rico Trench is the result of a landslide with the characteristics of a debris flow. This 
is according to the terminology of Hampton et al. (1996) in which they state that “slumps consist 
of relatively undisturbed masses that slid along curved rupture surfaces, with the bulk of the 
material not traveling beyond the flank of the volcano. …… In contrast to slumps, debris 
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avalanches have a well-defined headwall scarp (amphitheater), and the transported rock and 
sediment are broken into numerous discrete blocks, some of which move great distances (> 200 
km).” The figures in Grindlay’s report show a curved rupture surface, a headwall scarp, or 
amphitheater, and accumulated debris at the bottom of the slope. Time-sequence profiles of the 
landslide model used to generate the tsunami in this report can be seen in Figure 9, page 45 in the 
manuscript titled “A numerical study of submarine landslide generated waves and runup”, by 
Lynett and Liu, Appendix 4. The sequence of events shown in the figure mimic better the 
definition of a debris flow than of a slump. No unique concave slip surface is seen, but instead a 
sequence of bottom profiles representing the progressive erosion of bottom material as the debris 
flow progresses. Though it is also possible that the failure started as a slump and then 
degenerated into a debris flow. This happens when loss of shear strength (shear strength is a 
measure of the soil’s ability to resist the driving forces that tend to push the mass downslope) 
occurs during failure, and the resulting strength becomes smaller than the downslope 
gravitational shear stress (shear stress, a driving force, pushes soil downslope). The failed 
sediment mass will then accelerate downslope and tend to disintegrate and flow (Hampton et al., 
1996). 

 
A good layman’s description of the difference between a “slump” and a “slide” (or 

landslide) is given by Smith (2000), quoting from P. Watts (a submarine landslide and tsunami 
specialist). It all depends on the shear strength of the bottom material. For stiff material the slope 
failure tends to mode downslope as a slump, not a landslide. Quoting Watts: “A slump is like a 
couch potato. When the slump fails, its butt slides a little farther forward on the sofa cushion, 
and its head sinks a little lower”. Continuing to quote from Smith (2000), and using his figure 
shown here as Figure 3c: 

 
“That is, the slump’s center of mass moves down and forward in a short arc. This motion 

is modeled by rotating a cylinder that lies on its side on the seabed like one of the fallen columns  
 

  
 

 
Figure 3c – A cross-section of a slump (from Smith, 2000). 

 
of Atlantis. The cylinder penetrates the hillside (shaded) to a depth equal to the maximum 
thickness of the slump, and the buried portion of the cylinder’s curved surface is the failure 
plane along which the slump will move. If you rotate the cylinder maybe six degrees, the 
embedded portion travels downslope a ways, and that’s the slump. The degree and speed of 
rotation, the diameter of the cylinder, and the depth to which it is embedded, all depend on the 
clay’s shear strength.” 
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 Says Watts, “The key difference between a landslide and a slump is the center-of-mass 
motion. A slump starts and stops – if you plot position as a function of time. It accelerates, 
achieves some maximum velocity, and then decelerates. Whereas a landslide is like your 
umbrella getting whipped away by the wind and carried down the street – there’s nothing to stop 
it. It experiences a relatively rapid acceleration and then just keeps in going. Nothing stops s 
landslide”. 
 

Landslide generated tsunamis remain one of the least studied of the causes of tsunamis, in 
part because their occurrence is often concealed and in part because of the complicated dynamics 
involved in failure, center of mass motion, and deformation. Underwater landslides also pose 
difficulties for tsunami warning systems as they often occur on coastal margins near shorelines, 
can not be predicted as of yet, and may strike within minutes following a moderate earthquake. 
On the other hand, tsunamis generated by underwater landslides often cause limited damage 
outside of some range of influence. 

 
 Wave generation by landslides depends primarily upon the volume of material moved, 
the depth of submergence, and the speed of downslope motion (Ward, 2000). As the slide speed 
increases (and becomes closer in magnitude to the tsunami wave velocity) the sea surface 
response increases. If the slide’s duration is too long (slide time scale = ϑ >> L/(gh)1/2, where L 
is the horizontal dimension of the slide, and h is the water depth) then long waves would 
propagate away from the source area in much less time than it takes for the initial “doming” of 
the surface to form. In this case, no significant waves could be generated (Kulikov et al., 1996). 
An interesting result that comes out from this study is that as the slide time scale is increased 
from the shortest (16.7 min) to the longest (2 hours) the observed runup first decreases – as 
expected from the discussion above – but then it reaches a minimum and starts to increase again 
for the longer time scales.  
 

Other facts about tsunamis due to submarine landslides are that the larger the slide 
volume, the higher the sea surface response. Also, the deeper the slide the smaller the sea surface 
response. While many failure events may not be tsunamigenic, recent events and simulations 
both corroborate new understanding that underwater landslides and slumps are responsible for 
the largest tsunamis besides meteor strikes (http://rccg03.usc.edu/la2000/).  
 

The wavelength and periods of landslide-generated tsunamis range between 1 and 10 km 
and 1 and 5 minutes respectively (Bryant, 2001). These values are much shorter than those 
produced by earthquakes. The wave period and wavelength increases as the size of the slide 
increases and the slope decreases (Ward, 2000).  
 

The way a submarine slope failure causes a tsunami is that a slope failure on the move 
leaves a void behind itself that the ocean instantly fills, creating a wave. If the mass movement is 
away from the coast then the void created behind (or wave trough, or sea surface depression) 
points towards land. This is the case for the slope failure we are dealing with since it occurred 
along the south slope of the Puerto Rico Trench. Therefore, the first manifestation of the tsunami 
along the north coast of Puerto Rico will be a withdrawal of the sea at the coastline. According to 
the models, when the wave trough arrives first (versus the wave crest arriving first) the runup 
(highest elevation reached by the water at a given inland point) tends to be higher than when the 
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crest arrives first (Smith, 2000). On the positive side, the withdrawal of the sea offers a warning 
to the coastal population.  
 

In general, this type of tsunami tends to be much more compact than earthquake 
tsunamis, sometimes being described as “pocket tsunamis” (Smith, 2000). Examples of the 
compactness of these tsunamis are the Papua-New Guinea tsunami of 1998, and the Vanuatu 
(formerly New Hebrides) tsunami of 1999. But there is ample geological evidence that there are 
exceptions to the characterization of submarine slope failure tsunamis as “pocket tsunamis”. This 
is the case of the hypothesized giant tsunamis generated by pre-historic slope failures like the 
ones in the Hawaiian islands (Lipman et al., 1988; Moore and Moore, 1988; Moore et al., 1994; 
Masson et al., 1996), the Canary Islands (Masson, 1996; Carracedo et al., 1998), the Storegga 
Slide (Dawson et al., 1988; Dawson, 1994; Long et al., 1989; Hansom and Briggs, 1991; Harbitz, 
1992; Henry and Murty, 1992; Bondevik et al., 1997a,b), and the Oregon Cascadia Margin 
(Goldfinger et al., 2000). 

 
Scientists are currently unable to accurately assess underwater landslide risks, predict 

their occurrence following a nearby earthquake, evaluate their tsunamigenic potential, and warn 
coastal communities of imminent danger. (Workshop on the Prediction of Underwater Landslide 
and Slump Occurrence and Tsunami Hazards Off of Southern California, WEB page 
http://rccg03.usc.edu/la2000/. The results presented in this report present a first attempt at 
quantifying Puerto Rico’s risk to this newly recognized hazard. 
 
PREVIOUS STUDIES OF THE PUERTO RICO TRENCH LANDSLIDE 
 
 Schwab et al. (1991) investigated the Puerto Rico Trench scarp and found the following: 
 

1) They estimated that the volume displaced was of the order of 1,500 km3.  
 
2) The insular slope above the amphitheater-shaped scarp in the Puerto Rico Trench (depths  

less than 3000 m) has a regional slope of 4.5°. The average declivity of the scarp is 8.5°. 
 

3) It is 55 km across (east-west), has a crown at a water depth of 3500 m, and extends to a 
water depth of 3000 m. 

 
4) Concluded that the scarp formed principally as a result of slope failure and subsequent 

mass movement. They based this conclusion on four pieces of evidence:  
 

a) the tectonic setting of the study area, a plate boundary and a region of high seismicity 
b) the general morphology of the scarp, a distinct embayment having a radius of a circle 
    fitting the failure surface 
c) the presence of shallow-water carbonate debris downslope and near the base of the 
    slope 
d) the analysis of seismic-reflection data showed truncation of sedimentary strata by  
    faults 

 
       5)  They could not determine if failure was catastrophic or took place over a substantial  
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          period of time. 
 
       6)  They add that recent data has shown that submarine slope failures of this magnitude (̃   

1500 km3) are not unusual. Among the factors that increase the danger that an scenario 
like this could happen again they mention that the declivity of the insular slope north of 
Puerto Rico and therefore the downslope gravitational shear stress has been steadily 
increasing due to the northward tilting (tectonic oversteepening) of the Arecibo basin 
since Pliocene time. In addition, pre-existing faults that lead into the headwall of the 
scarp could also significantly reduce the shear strength of the strata. All this could lead to 
slope failure when shaken by an earthquake, as has been observed all over the world (see 
Figure 6). As a matter of fact, further east, at 66° W, just offshore of San Juan, Scanlon et 
al. (1988) and Schwab et al. (1991) found evidence of another, though smaller, slump, 
with an amphitheater-shaped scarp. They conclude that all this put together suggests that 
the entire northern margin of the Arecibo basin is falling due to the present tectonic 
regime. Further studies are required in order to document well this smaller slump. 

 
7) Evidence of the gradual decrease in the stability of the northern insular slope off Puerto 

Rico is the presence of several smaller downslope-facing scarps seen on the insular slope 
in water depths less than 3000 m. They conclude that these smaller scarps may represent 
incipient slope failures and they may indicate that the scarp is retrogressive upslope, and 
that it continues to be active.  

 
8)  Finally, and quoting from the last paragraph in Schwab et al. (1991): “Because the 

condition of slope instability that allowed an extremely large landslide continues to 
develop north of Puerto Rico (assuming the mass slid as a single event), and because the 
seismic risk remains the same as when the slide took place, a repetition of the event is 
quite possible, with a potential for the generation of a catastrophic tsunami.” 

 
Therefore, it is not surprising that the evidence of this landslide has worried scientists and 

hazard mitigation personnel in Puerto Rico and in some federal agencies. Recent experience has 
shown that landslide generated tsunamis could be much more common than previously thought. 
These can occur many minutes after an earthquake has been felt, and even more worrisome, can 
be triggered even by earthquakes smaller than the lower earthquake magnitude threshold of 6.5 
for tsunami generation. There is even the documented case of submarine landslides being 
triggered by hurricane waves in water depths greater than 100 m (Henkel, 1979; Bea et al., 
1983). Thus they can become what Ward (2000) has called “surprise tsunami”. They can be 
generated far outside the earthquake epicenter, or be far larger than expected given the 
earthquake magnitude. And they may arrive without any precursory seismic warning at all.  

 
Thus north of Puerto Rico we have all the conditions needed in order to start worrying 

about the possibility of future submarine landslides, and the accompanying tsunami: steep slopes 
close to shore, history of previous landslides (including a very large one), gradual decrease in the 
slope stability due to tectonic oversteepening and continuous overloading due to sediments 
discharged by the major rivers in Puerto Rico (almost all of which discharge along the north 
coast; not only river discharge can lead to local oversteepening but if the sedimentation rate is 
fast enough then high pore water pressure may be retained, producing unconsolidated  
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Figure 4 – Location of major submarine slides and debris flows (from Bryant, 2001). 
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sediments), the presence of many submarine canyons (some coming very close to the coast), the 
presence of many faults and high seismicity, and the annual occurrence of large waves due to 
winter extra-tropical storms (occurring as long period swell which can penetrate to relatively 
large depth; according to Bea, 1971, wavelength can be more significant than wave height in 
destabilizing sediments along slopes) and due to hurricanes.  

 
This led the PRSEMA and the Sea Grant Program of the University of Puerto Rico to 

sponsor this study. The potential for another similar one is there since at the same location active 
faults are present, bringing into mind a scenario like the 1998 Papua-New Guinea deadly 
tsunami, whose 7 to 14 meters high waves have been blamed on a submarine landslide on the 
steeply sloping bottom off the affected area. The PNG event has raised much concern in hazard 
mitigation officials, emergency response personnel, and tsunami experts because, quoting from 
an article in Science News (Vol. 154, October 3, 1988), “The main lesson is that small, local 
faults have a much greater potential for tsunami generation than we had thought earlier”. The 
educational message from the Papua-New Guinea tsunami adopted by the western seaboard 
states of the USA is that “it can happen here and we need to deal with this problem now”. This 
has led the National Science Foundation to sponsor a “Workshop on the Prediction of 
Underwater Landslide and Slump Occurrence and Tsunami Hazards off the Southern California 
Coast”, held in March of 2000, and was also the main topic in a “NATO Advanced Research 
Workshop on Underwater Ground Failures on Tsunami Generation, Modeling, Risk and 
Management”, held in May 23-26, 2001, in Turkey. Also, in January of 2001, the National 
Oceanic and Atmospheric Administration (NOAA), together with the Washington State Military 
Department, sponsored a workshop titled “Puget Sound Tsunami/Landslide Workshop”. 
Recently the landslide-generated tsunami threat to both the west and east coasts of the United 
States has been addressed in the national press, like the article in the San Francisco Chronicle, 
December 18, 2000, titled “Underwater landslides threaten California coast”, and the paper by 
Driscoll et al. (2000), on the threat to the Atlantic coast of the USA. 
 
RECENT STUDIES OF THE LANDSLIDE AREA 
 
 Grindlay et al., 1997, report on a 1996 survey in which the landslide evidence was 
corroborated. And as part of the present study, she re-examined the data obtained in the survey 
and came out with a more recent estimate of the volume of material involved in the slide and the 
average sediment density. The most important conclusions from Grindlay’s report, as far as the 
modeling of the slide is concerned is that the new mass failure volume estimate was revised 
down to 910-1050 km3, and that the average density of the material is approximately 2.2 
g/cm3.This is all reported in her report titled “Volume and Density Approximations of Material 
Involved in a Debris Avalanche on the South Slope of the Puerto Rico Trench”. Appendix 2 
shows the publication that describes the 1996 survey from which Grindlay obtained the data used 
to prepare her report. Grindlay’s report is given in Appendix 3. In the tsunami model it will be 
assumed that the volume displaced was 900 km3. 
 
 Grindlay concludes that the landslide that generated the amphitheater-shaped scarp on the 
south slope of Puerto Rico Trench was most likely a debris avalanche. The bathymetric and 
sidescan imagery clearly show a giant amphitheater-shaped scarp that is approximately 57 km 
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across. The crown of the headwall scarp lies at depths of 2500 m to 3500 m. The debris deposit 
extends more than 25 km down the slope to depths of approximately 7000 m.  
  
LANDSLIDE AND TSUNAMI GENERATION, PROPAGATION AND RUNUP STUDY FOR 
THE PUERTO RICO TRENCH DEBRIS FLOW 
 

Recognizing the potential threat of another landslide along the Puerto Rico Trench, this 
research project was started in order to estimate what could be expected along Puerto Rico’s 
north coast if an event like the one mentioned above in the Puerto Rico Trench were to be 
repeated again. The modeling of landslide tsunamis is much more difficult than the modeling of 
earthquakes tsunamis since the time scale of the bottom displacement is much longer than the 
time scale of the bottom displacement due to a tsunamigenic earthquake. This couples the 
dynamics of the tsunami generation and propagation with the dynamics of the deforming bottom. 
In addition, the length scale of landslide tsunamis tends to be much smaller than that due to 
earthquake tsunamis, making the shallow water approximation (e.g., non dispersion) an 
unreliable approximation. Also, wave heights can become very large when in shallow water. 
This requires the use of a system of fully nonlinear wave equations that retain both frequency 
and amplitude dispersion. And this is the task that the newly developed Cornell model 
(COULWAVE) is supposed to accomplish. 
 
LANDSLIDE TSUNAMI MODEL 
 

For this problem a mathematical model has been developed to describe the generation 
and propagation of water waves by a submarine landslide. The general model consists of depth-
integrated continuity and momentum equations, in which the ground movement is a forcing 
function. These equations include full nonlinear, but weakly dispersive effects. The model allows 
larger waves than those appropriate for traditional Boussinesq equations. Thus it is described as 
an Extended Boussinesq Model because of the inclusion of fully nonlinear effects. The model 
has been applied up to now with a simple bottom deformation algorithm mimicking the gross 
shape and volume of the Puerto Rico Trench landslide, which seems to have occurred mainly as 
a debris flow (Grindlay, 1998). An important, unknown, parameter is the landslide time scale 
since the dynamics of the slide itself is not modeled itself. Instead the time history of the bottom 
deformation is assumed given. We don’t know if the 900 km3-plus material that was displaced 
went down slope as just one event, or as a sequence of smaller events. And even if we assume a 
worst case scenario in which we assume that it all moved down as one event, we don’t know 
how long it may have taken. The landslide time scale has to be externally supplied. As a first 
study attempt, and from the emergency management point of view in which one of the first 
things that is wanted is to grasp the magnitude of the potential event, it was decided to use the 
modeling effort to assess five worst-case scenarios in which we assume that the landslide 
occurred as just one event under five different landslide time scales: 1000, 1500, 2000, 3600, and 
7200 seconds (16.7 minutes, 25 minutes, 33.3 minutes, 1 hour, and 2 hours, respectively). In 
other words, we are trying to have an idea of the magnitude of the event Schwab et al (1991) 
mentioned at the end of their paper. 

 
Due to the complexity of the numerical code and its large memory and CPU time 

requirements (even when we had available a DEC Alpha 600 MHz workstation with 2 MB of 
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RAM), the computational grid size was limited to 300 m, which is too gross for reliable runup 
calculations. A typical run takes approximately 12 days of CPU time on the DEC Alpha 600 
MHz workstation. The input bathymetry is from Mercado (1994), and the input topography is 
from a DEM for Puerto Rico. The final runs of the model were carried out by Lynett at Cornell. 

 
Details about the wave model and its application to the simulation of the tsunami due to 

the Puerto Rico Trench landslide is given in the reports by Lynett and Liu given in Appendix 4, 
so they will not be repeated here. Not mentioned in the reports is the fact that the model version 
used in the simulations is the weakly nonlinear version (WNL-EXT; see Appendix 4, page 8 in 
the document titled “A numerical study of submarine landslide generated waves and runup”, by 
Lynett and Liu). According to Lynett (personal communication, 2001), test results for the 
scenarios studied showed that there was not much difference in the runup results between the 
fully nonlinear version (FNL-EXT) and WNL-EXT, while there was a large difference in 
execution time. Also, the bottom friction factor “f” used in the runs (see Appendix 4, page 5 in 
the document titled “Modeling wave runup with depth- integrated equations”, by Lynett, Wu, and 
Liu), was taken as 0.01. According to Lynett et al. (see Appendix 4) the typical range of f is 10-3 
# f # 10-2. A sensitivity run was made for the 1000 s scenario using f = 0.05. 

 
The friction factor “f ” is difficult to ascertain, especially since at present, the model only 

allows for one constant value all over the computational domain. But even if it were given as a 
function of geographical position, representing the different energy dissipation sources that a 
runup of the magnitudes found here will encounter as it propagates inland, its determination is 
very difficult. And it is obvious that when the runup encounters large structures (forests with 
large tree trunks with dense foliage, buildings, etc.) then the problem becomes three-
dimensional, and outside the capabilities of the COULWAVE model. 

 
Lynett (personal communication, 2002) states that f and the Chezy coefficient, C, are 

related by  
 

f = g/C2 
 
where g is the gravitational acceleration. The relationship between C and Manning’s 

coefficient, n, is given by 
 

C = R1/6 / n 
 
where R is the hydraulic radius of the channel.  
 
A few conversions between C and f are given in the table below. 
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TABLE 1 
Relationship Between C and f Coefficients 

C f 
10 0.1 
14 0.05 
31 0.01 
99 0.001 

 
 The topic of the friction factor, f, still requires much further research since the ultimate 
goal of the modeling effort, the evaluation of the runup along the coast, will be sensitive to the 
values of f in practical applications. 
 
RESULTS 
 
 Movies of the results show that towards the island a deep wave trough is initially 
generated, with a high wave crest generated away from the island. But following the propagation 
of the initial trough towards the north coast of Puerto Rico (at the coastline the initial 
manifestation of the tsunami is a withdrawal of the sea along the coast), a crest follows, which 
shoals up to very large heights as it reaches the north coast. Figures 5 to 9 show the maximum 
sea surface elevation obtained for each one of the time scales mentioned above, with friction 
factor f = 0.01. Figure 10 shows the result for the sensitivity run with f = 0.05 using a time scale 
of 1000s. 
 
 The figures show extensive flooding all along the north coast of the island (all the way 
from Aguadilla to Fajardo) even for the longest slide time scale. The water penetrates several 
miles inland, apparently being stopped only by the abrupt topography change found inland. 
Maximum runups are found between Arecibo and Vega Baja. It is important to emphasize that 
bottom frictional dissipation is represented by a single value of f, and that no consideration is 
given whatsoever of large-scale dissipation factors, or structures. Thus results will lie on the 
conservative side, but the state-of-the-art nowadays in the preparation of tsunami coastal flood 
maps is of no consideration of structures, forests, etc. The neglect of these considerations is 
justified as a safety factor. 
 
 Figures 8 and 9 show that the results for the two longest time scales tend to be noisy, 
especially so for the time scale of 2 hours. The reason for this is not clear, and is a topic of 
further research. The sensitivity test using f = 0.05 (Figure 10) shows that the maximum runup is 
decreased (by 6 m), but the flooding is still very extensive. 
  
 Table 2 shows the maximum sea surface elevation at the generating area and maximum 
runup height for the six different scenarios modeled. It is important to realize that the maximum 
runup given in the table is not measured at the same constant location for each simulation made. 
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TABLE 2 
CHARACTERISTICS OF LANDSLIDE AND TSUNAMI SCENARIOS MODELLED 

LANDSLIDE TIME 
SCALE 

(seconds:minutes) 

MAXIMUM SEA 
SURFACE 

ELEVATION AT 
GENERATION 

AREA (M) 

MAXIMUM 
RUNUP (M) 

f 

1000 s = 16.7 min 19 55 0.01 
1500 s = 25 min 12 37 0.01 

2000 s = 33.3 min 8 30 0.01 
3600 s = 60 min 11 31 0.01 
7200 s = 120 min 10 35 0.01 
1000 s = 16.7 min 21 49 0.05 

 
It is interesting to notice that the expected trend of decreasing runup with increasing time 

scale holds between 1000 and 2000 s, but that the runup actually increases between 3600 s and 
7200 s (though the increase of just 1 m between 2000 and 3600 s might not significant). But 
between 2000 s and 7200 s the increase is of 5 m. It should be emphasized that the maximum 
runups listed in Table 2 do not necessarily occur at the same locations. In order to study the 
behavior of the runups at the same given location, three slices were taken in the north-south 
direction for each one of the Figures 5 to 10. These are shown in Figure 5. One of the slices 
passes right through the center of the offshore maximum in elevation (identified as CENTER, 
and it passes slightly west of the city of Barceloneta), another one passes right through the city of 
Arecibo (west of CENTER), and the other one passes through the San Juan metropolitan area 
(east of CENTER).  

 
Figure 11 shows the plot of the three slices for each one of the slide time scales used. The 

figures do show consistently that the runup for the time scale of 2 hours tends to be higher than 
for the time scale of 1 hour. And for the CENTER slice the runup for time scale of 1 hour 
becomes higher than for time scale of 2000 s, with the runup for 2 hours being equal to or higher 
than the runup for the time scale of 1 hour. The reason for this behavior is not yet clear, and is 
under further investigation. But one possible reason may lie with the fact that for the two longest 
time scales the initial sea surface profile consists of waves smaller in height and wavelength. 

 
In all scenarios a depression, or wave trough, is the first manifestation of the tsunami that 

reaches the coast. This depression is initially generated over the landslide area and propagates 
towards shore. This can be seen in Figure 12 which shows snapshots of the sea surface at 5 
minutes after the start  of the landslide with a time scale of 1 hour (left graph) and 6.7 minutes 
after the start of the landslide with a time scale of 2 hours (right graph), showing the leading 
depression moving to the south. This is corroborated by the plot of the time histories of the sea 
surface elevation, shown in Figures in Figures 13 and 14, which show the leading depression 
wave over the generation area and just offshore of San Juan, P.R. Figures 15 and 16 show the 
corresponding time histories of the vertically averaged velocities. 

 
The time histories shown in Figure 13, taken right over the generation area, shows how 

the initial sea surface disturbance for the two longest time scales, 1 and 2 hours, differ from the 
shorter time scales in that they consist of much smaller height and wavelength waves. Whether
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Figure 5 – Maximum sea surface heights for landslide time scale of 1000 seconds. Friction coefficient f = 0.01. Maximum runup = 55 
m above MSL. Slices of the sea surface elevation results shown in Figures 5 to 9 were taken along the straight lines extending north-
south. 
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Figure 6 – Maximum sea surface heights for landslide time scale of 1500 seconds. Friction coefficient f = 0.01. Maximum runup = 37 
m above MSL. 
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Figure 7 – Maximum sea surface heights for landslide time scale of 2000 seconds. Friction coefficient f = 0.01. Maximum runup = 30 
m above MSL. 



 19 

Figure 8 – Maximum sea surface heights for landslide time scale of 3600 seconds. Friction coefficient f = 0.01. Maximum runup = 31 
m above MSL. 



 20 

Figure 9 – Maximum sea surface heights for landslide time scale of 7200 seconds. Friction coefficient f = 0.01. Maximum runup = 35 
m above MSL. 
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Figure 10 – Maximum sea surface heights for landslide time scale of 1000 seconds. Friction coefficient f = 0.05. Maximum runup = 49 
m above MSL.
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Figure 11 – Sea surface elevation along the 3 north-south slices shown in Figure 5. The top figure 
corresponds to the slice passing through the city of Arecibo, the middle figure to the slice passing 
through the center of the offshore maximum in sea surface elevation, and the bottom figure 
corresponds to the slice passing through the San Juan metropolitan area. Note the different vertical 
scales. 
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Figure 12 - Snapshots of landslide tsunami for landlside time scales of 1 and 2 hours. Puerto Rico is 
along the bottom boundary. 
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Figure 13 – Time history of sea surface elevation at generation area for the different scenarios. Friction 
factor f = 0.01. 
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Figure 14 – Time history of sea surface elevation offshore of San Juan, P.R., for the different 
scenarios. Friction factor f = 0.01.  
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Figure 15 – Time history of vertically averaged horizontal velocities at generation area for the different 
scenarios. Friction factor f = 0.01. 
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Figure 16 – Time history of vertically averaged horizontal velocities offshore of San Juan, P.R., for the 
different scenarios. Friction factor f = 0.01.  
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this is the reason for the increase in runup compared to the previous shorter time scale is not clear. The 
observed decrease in initial wave height (Figure 13) is consistent with the statements that the slower 
the slide then the smaller the initial disturbance over the generation area. This trend can also be 
observed just offshore of San Juan (Figure 14). It is in the runup phase that this trend is violated. 
 
 Figures 17 and 18 show the results of the sensitivity test made by increasing the fiction factor, 
f, from 0.01 to 0.05. This was done only for the time scale of 1000 s. We can notice that by increasing f 
the high frequency oscillations superimposed on the lower frequency wave are decreased. But 
interestingly, the depth of the initial trough is slightly increased for f = 0.05 versus the result for f = 
0.01. The same happens with the velocities, which initially show slightly higher values for f = 0.05 
than for 0.01. 
 

Another very important result to be obtained from these computer simulations is the time it 
takes for the coastal flooding to start once the wave is generated in deep water. This can be estimated 
from the sea surface time histories shown in Figures 13 and 14. In order to make this estimate we will 
use as our start time the moment when the leading depression wave over the generation area reaches its 
maximum value. That will be assumed as the start of propagation time. For the arrival time we will use 
the time when the sea surface elevation just offshore of San Juan rises above Mean Sea Level (MSL) 
once the sea first withdraws from the coastline. The table below shows the results for the six scenarios 
modeled in this study. 
 

TABLE 3 
APPROXIMATE TRAVEL TIMES 

 
Time Scale Starting Time (s) Arrival Time (s) Propagation 

Time 
Friction Factor 

1000 s = 16.7 min 408 862 454 s = 7.6 min 0.01 
1500 s = 25 min 434 850 416 s = 6.9 min 0.01 

2000 s = 33.3 min 468 929 461 s = 7.7 min 0.01 
3600 s = 1 hour 416 944 528 s =8.8 min  0.01 
7200 s = 2 hours 505 801 296 s = 4.9 min 0.01 
1000 s = 16.7 min 405 842 437 s = 7.3 min 0.05 
 

The fourth column corroborates the statement made above about the danger posed by local 
landslides in that in a matter of a few minutes they are affecting the local coastlines. 

 
Finally, Figures 19 to 83 show the computed coastal flooding (friction factor f = 0.01) for each 

of the following north coast quadrangles: Aguadilla, Isabela, Qubradillas, Camuy, Arecibo, 
Barcelojneta, Manati, Vega Alta, Bayamon, San Juan, Carolina, Rio Grande, and Fajardo. Figures 84 
to 96 show the results of the sensitivity test made for the time scale of 1000 s with f = 0.05. It is 
important to understand that the computational grid size was 300 m and, therefore, we can expect some 
mismatch between topographic details in the maps and the flood contour values. Also, the topographic 
information used for the preparation of the computational grid was obtained from a USGS DEM which 
is based on topographic information approximately 40 years old. This topographic information should 
be the same one appearing in the USGS quadrangle sheets. But at some locations the topographic 
information according to the DEM does not match the one appearing in the quadrangles. This 
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Figure 17 – Comparison of time histories of sea surface elevation at generation area (top) and offshore 
of San Juan, P.R., for friction factor   f = 0.01 and 0.05. Landslide time scale = 1000 s = 16.7 min. 
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Figure 18 – Comparison of time histories of vertically averaged horizontal velocities at generation area 
(top) and offshore of San Juan, P.R., for friction factor   f = 0.01 and 0.05. Landslide time scale = 1000 
s = 16.7 min 
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Figure 19 – Contours of maximum sea surface elevation for time scale = 1000 s for Aguadilla 
quadrangle. Friction factor f = 0.01.  
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Figure 20 – Contours of maximum sea surface elevation for time scale = 1500 s for Aguadilla 
quadrangle. Friction factor f = 0.01. 
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Figure 21 – Contours of maximum sea surface elevation for time scale = 2000 s for Aguadilla 
quadrangle. Friction factor f = 0.01. 
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Figure 22 – Contours of maximum sea surface elevation for time scale = 3600 s for Aguadilla 
quadrangle. Friction factor f = 0.01. 
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Figure 23 – Contours of maximum sea surface elevation for time scale = 7200 s for Aguadilla 
quadrangle. Friction factor f = 0.01. 
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Figure 24 – Contours of maximum sea surface elevation for time scale = 1000 s for Isabela 
quadrangle. Friction factor f = 0.01. 
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Figure 25 – Contours of maximum sea surface elevation for time scale = 1500 s for Isabela 
quadrangle. Friction factor f = 0.01. 
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Figure 26 – Contours of maximum sea surface elevation for time scale = 2000 s for Isabela 
quadrangle. Friction factor f = 0.01. 
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Figure 27 – Contours of maximum sea surface elevation for time scale = 3600 s for Isabela 
quadrangle. Friction factor f = 0.01. 
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Figure 28 – Contours of maximum sea surface elevation for time scale = 7200 s for Isabela 
quadrangle. Friction factor f = 0.01. 
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Figure 29 – Contours of maximum sea surface elevation for time scale = 1000 s for Quebradillas 
quadrangle. Friction factor f = 0.01. 
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Figure 30 – Contours of maximum sea surface elevation for time scale = 1500 s for Quebradillas 
quadrangle. Friction factor f = 0.01. 
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Figure 31 – Contours of maximum sea surface elevation for time scale = 2000 s for Quebradillas 
quadrangle. Friction factor f = 0.01. 
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Figure 32 – Contours of maximum sea surface elevation for time scale = 3600 s for Quebradillas 
quadrangle. Friction factor f = 0.01. 
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Figure 33 – Contours of maximum sea surface elevation for time scale = 7200 s for Quebradillas 
quadrangle. Friction factor f = 0.01. 
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Figure 34 – Contours of maximum sea surface elevation for time scale = 1000 s for Camuy 
quadrangle. Friction factor f = 0.01. 
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Figure 35 – Contours of maximum sea surface elevation for time scale = 1500 s for Camuy 
quadrangle. Friction factor f = 0.01. 
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Figure 36 – Contours of maximum sea surface elevation for time scale = 2000 s for Camuy 
quadrangle. Friction factor f = 0.01. 
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Figure 37 – Contours of maximum sea surface eleva tion for time scale = 3600 s for Camuy 
quadrangle. Friction factor f = 0.01. 



 50 

 
Figure 38 – Contours of maximum sea surface elevation for time scale = 7200 s for Camuy 
quadrangle. Friction factor f = 0.01. 
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Figure 39 – Contours of maximum sea surface elevation for time scale = 1000 s for Arecibo 
quadrangle. Friction factor f = 0.01. 
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Figure 40 – Contours of maximum sea surface elevation for time scale = 1500 s for Arecibo 
quadrangle. Friction factor f = 0.01. 
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Figure 41 – Contours of maximum sea surface elevation for time scale = 2000 s for Arecibo 
quadrangle. Friction factor f = 0.01. 
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Figure 42 – Contours of maximum sea surface elevation for time scale = 3600 s for Arecibo 
quadrangle. Friction factor f = 0.01. 
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Figure 43– Contours of maximum sea surface elevation for time scale = 7200 s for Arecibo 
quadrangle. Friction factor f = 0.01. 
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Figure 44– Contours of maximum sea surface elevation for time scale = 1000 s for Barceloneta 
quadrangle. Friction factor f = 0.01. 
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Figure 45– Contours of maximum sea surface elevation for time scale = 1500 s for Barceloneta 
quadrangle. Friction factor f = 0.01. 
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Figure 46– Contours of maximum sea surface elevation for time scale = 2000 s for Barceloneta 
quadrangle. Friction factor f = 0.01. 
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Figure 47– Contours of maximum sea surface elevation for time scale = 3600 s for Barceloneta 
quadrangle. Friction factor f = 0.01. 
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Figure 48– Contours of maximum sea surface elevation for time scale = 7200 s for Barceloneta 
quadrangle. Friction factor f = 0.01. 
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Figure 49– Contours of maximum sea surface elevation for time scale = 1000 s for Manati 
quadrangle. Friction factor f = 0.01. 
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Figure 50– Contours of maximum sea surface elevation for time scale = 1500 s for Manati 
quadrangle. Friction factor f = 0.01. 
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Figure 51– Contours of maximum sea surface elevation for time scale = 2000 s for Manati 
quadrangle. Friction factor f = 0.01. 
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Figure 52– Contours of maximum sea surface elevation for time scale = 3600 s for Manati 
quadrangle. Friction factor f = 0.01. 
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Figure 53– Contours of maximum sea surface elevation for time scale = 7200 s for Manati 
quadrangle. Friction factor f = 0.01. 
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Figure 54– Contours of maximum sea surface elevation for time scale = 1000 s for Vega Alta 
quadrangle. Friction factor f = 0.01. 
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Figure 55– Contours of maximum sea surface elevation for time scale = 1500 s for Vega Alta 
quadrangle. Friction factor f = 0.01. 
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Figure 56– Contours of maximum sea surface elevation for time scale = 2000 s for Vega Alta 
quadrangle. Friction factor f = 0.01. 
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Figure 57– Contours of maximum sea surface elevation for time scale = 3600 s for Vega Alta 
quadrangle. Friction factor f = 0.01. 
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Figure 58– Contours of maximum sea surface elevation for time scale = 7200 s for Vega Alta 
quadrangle. Friction factor f = 0.01. 
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Figure 59– Contours of maximum sea surface elevation for time scale = 1000 s for Bayamon 
quadrangle. Friction factor f = 0.01. 
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Figure 60– Contours of maximum sea surface elevation for time scale = 1500 s for Bayamon 
quadrangle. Friction factor f = 0.01. 
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Figure 61– Contours of maximum sea surface elevation for time scale = 2000 s for Bayamon 
quadrangle. Friction factor f = 0.01. 
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Figure 62– Contours of maximum sea surface elevation for time scale = 3600 s for Bayamon 
quadrangle. Friction factor f = 0.01. 
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Figure 63– Contours of maximum sea surface elevation for time scale = 7200 s for Bayamon 
quadrangle. Friction factor f = 0.01. 



 76 

 
Figure 64– Contours of maximum sea surface elevation for time scale = 1000 s for San Juan 
quadrangle. Friction factor f = 0.01. 
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Figure 65– Contours of maximum sea surface elevation for time scale = 1500 s for San Juan 
quadrangle. Friction factor f = 0.01. 
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Figure 66– Contours of maximum sea surface elevation for time scale = 2000 s for San Juan 
quadrangle. Friction factor f = 0.01. 
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Figure 67– Contours of maximum sea surface elevation for time scale = 3600 s for San Juan 
quadrangle. Friction factor f = 0.01. 
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Figure 68– Contours of maximum sea surface elevation for time scale = 7200 s for San Juan 
quadrangle. Friction factor f = 0.01. 
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Figure 69– Contours of maximum sea surface elevation for time scale = 1000 s for Carolina 
quadrangle. Friction factor f = 0.01. 
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Figure 70– Contours of maximum sea surface elevation for time scale = 1500 s for Carolina 
quadrangle. Friction factor f = 0.01. 
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Figure 71– Contours of maximum sea surface elevation for time scale = 2000 s for Carolina 
quadrangle. Friction factor f = 0.01. 
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Figure 72– Contours of maximum sea surface elevation for time scale = 3600 s for Carolina 
quadrangle. Friction factor f = 0.01. 
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Figure 73– Contours of maximum sea surface elevation for time scale = 7200 s for Carolina 
quadrangle. Friction factor f = 0.01. 
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Figure 74– Contours of maximum sea surface elevation for time scale = 1000 s for Rio Grande 
quadrangle. Friction factor f = 0.01. 
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Figure 75– Contours of maximum sea surface elevation for time scale = 1500 s for Rio Grande 
quadrangle. Friction factor f = 0.01.
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Figure 76– Contours of maximum sea surface elevation for time scale = 2000 s for Rio Grande 
quadrangle. Friction factor f = 0.01.
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Figure 77– Contours of maximum sea surface elevation for time scale = 3600 s for Rio Grande 
quadrangle. Friction factor f = 0.01.
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Figure 78– Contours of maximum sea surface elevation for time scale = 7200 s for Rio Grande 
quadrangle. Friction factor f = 0.01.
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Figure 79– Contours of maximum sea surface elevation for time scale = 1000 s for Fajardo 
quadrangle. Friction factor f = 0.01.
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Figure 80– Contours of maximum sea surface elevation for time scale = 1500 s for Fajardo 
quadrangle. Friction factor f = 0.01.
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Figure 81– Contours of maximum sea surface elevation for time scale = 2000 s for Fajardo 
quadrangle. Friction factor f = 0.01.
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Figure 82– Contours of maximum sea surface elevation for time scale = 3600 s for Fajardo 
quadrangle. Friction factor f = 0.01.
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Figure 83– Contours of maximum sea surface elevation for time scale = 7200 s for Fajardo 
quadrangle. Friction factor f = 0.01. 
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Figure 84– Contours of maximum sea surface elevation for time scale = 1000 s for Aguadilla 
quadrangle. Friction factor f = 0.05. 
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Figure 85– Contours of maximum sea surface elevation for time scale = 1000 s for Isabela 
quadrangle. Friction factor f = 0.05. 
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Figure 86– Contours of maximum sea surface elevation for time scale = 1000 s for Quebradillas 
quadrangle. Friction factor f = 0.05. 
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Figure 87– Contours of maximum sea surface elevation for time scale = 1000 s for Camuy 
quadrangle. Friction factor f = 0.05. 
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Figure 88– Contours of maximum sea surface elevation for time scale = 1000 s for Arecibo 
quadrangle. Friction factor f = 0.05. 
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Figure 89– Contours of maximum sea surface elevation for time scale = 1000 s for Barceloneta 
quadrangle. Friction factor f = 0.05. 



 102 

 
Figure 90– Contours of maximum sea surface elevation for time scale = 1000 s for Manati 
quadrangle. Friction factor f = 0.05. 
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Figure 91– Contours of maximum sea surface elevation for time scale = 1000 s for Vega Alta 
quadrangle. Friction factor f = 0.05. 
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Figure 92– Contours of maximum sea surface elevation for time scale = 1000 s for Bayamon 
quadrangle. Friction factor f = 0.05. 
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Figure 93– Contours of maximum sea surface elevation for time scale = 1000 s for San Juan 
quadrangle. Friction factor f = 0.05. 
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Figure 94– Contours of maximum sea surface elevation for time scale = 1000 s for Carolina 
quadrangle. Friction factor f = 0.05. 
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Figure 95– Contours of maximum sea surface elevation for time scale = 1000 s for Rio Grande 
quadrangle. Friction factor f = 0.05. 
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Figure 96– Contours of maximum sea surface elevation for time scale = 1000 s for Fajardo 
quadrangle. Friction factor f = 0.05. 
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mismatch cannot be blamed on topographic modifications in the last 40 years, but instead are 
simply errors in the DEM. But at this moment there is no other source of topographic data for 
Puerto Rico. 
 
CONCLUSION 
 
 Though the lack of knowledge about the slump time scale is a limiting factor in assessing 
the credibility of the scenarios we have run, the fact is that model results show that even for slide 
time scales of 1 to 2 hours the expected coastal flooding along all of the north coast of Puerto 
Rico is extensive. Recent USGS surveys have documented "cracks' or scarps on the northern 
insular margin off northern Puerto Rico which have been described as a potential tsunamigenic 
hazard in Schwab et al (1991, 1993). According to USGS scientists in Woods Hole, MA, the 
potential tsunami hazard along the northern coast of Puerto Rico is REAL... not hypothetical, as 
is the case with the recent finding of echelon cracks found off the mid-Atlantic USA shelf region 
(Driscoll et al., 2000).   
 

According to Schwab (personal communication, 2002), “basically, the "bad" situation in 
Puerto Rico is set up due to the tectonically controlled rapid tilting of the strata along northern 
Puerto Rico (there is Pliocene shallow-water limestone at the sea floor in >4,000 m of 
water....that's a serious elevator ride  DOWN!!!).  This tilting to the north creates instability of 
the northern submarine margin.  This is not a good situation in an area of high seismicity, in that, 
in Puerto Rico you have both static (tectonic tilting) and dynamic (earthquake acceleration) 
triggering mechanisms operating in an area where a bunch of US Citizens live along the coast.  
By the way, a few of the cracks on the insular margin are only ~20 km seaward of San Juan, one 
of the largest population centers in the Caribbean!!!!” 
 
 In this study an attempt has been made to quantify the order of magnitude of what can be 
expected based on slide time scales starting from relatively fast slides all the way to relatively 
slow slides. The results show that the repetition of another such event would be catastrophic for 
Puerto Rico. But even more important, it shows that even smaller-scale events could be 
catastrophic. With the quantification of what is at stake like it has been done here, it is 
imperative that both scientists and emergency management personnel, both at state and federal 
levels, work towards the goal of making our political leaders comprehend what is at risk such 
that funding is made available towards monitoring what is going on along the Puerto Rico 
Trench. Because at present there is no monitoring at all. If we don’t do this, it would be an 
irresponsible act on our part. 
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VOLUME AND DENSITY APPROXIMATIONS OF MATERIAL INVOLVED  
IN A DEBRIS AVALANCHE ON THE SOUTH SLOPE OF THE PUERTO RICO  
TRENCH 
 
 

Project Summary 
 
 Analysis of recently collected bathymetric, sidescan sonar and single-channel seismic 
reflection data, together with onshore well and outcrop data are used  to estimate the volume and 
density of material involved in a debris avalanche that generated the 57 km wide amphitheater-
shaped scarp centered at approximately 66° 40’ W on the northern insular slope of Puerto Rico.  
It is believed that the Oligocene-Pliocene megasequence of carbonates (PR1) was the major unit 
involved in the debris avalanche.  Studies indicate that this unit, which extends across the entire 
north coast of Puerto Rico, has a relatively uniform thickness and ranges from 1500-1300 km in 
the vicinity of the landslide headwall scarp.  Measurements of surface area assuming a pre-
failure morphology of a straight, slope-parallel shelf break rather than the observed scalloped 
morphology, estimate that ~700 km2 of material was involved in the failure.  On the basis of 
onshore well logs the density of this unit is estimated to be approximately 2.2 g/cm3.  Assuming 
that the failure was catastrophic, volume estimates of material involved in the landslide range 
from 910 km3 to 1050 km3. 
 

Project Description 
 
 A recent marine geophysical expedition (Grindlay et al., 1997) of the Puerto Rico Trench 
and northern insular margin of Puerto Rico and the Virgins Islands was conducted to investigate 
the seismogenic potential of the region.  The Puerto Rico trench represents a tectonically active 
plate boundary zone, where the north American plate is being subducted obliquely beneath the 
Caribbean plate.  Grindlay et al., (1997) identified several active fault zones within the trench, 
including one on the south slope of the trench which lies within 60-100 km of the north coast of 
Puerto Rico.  In addition, Grindlay et al., (1997) corroborated the existence of a major submarine 
slide first reported by Scanlon et al., (1988) and Schwab et al., (1991) on the south slope of the 
Puerto Rico trench, located about 37 km north of the city of Arecibo on the island of Puerto Rico 
(Figure 1).  Although rarely documented directly, earthquakes are often inferred to be the 
triggering mechanisms of submarine slides (Hampton and Lee, 1996) and that under certain 
circumstances submarine slides can be accompanied by large and destructive tsunamis (Moore 
and Moore, 1984; von Huene et al., 1989; Jiang and Le Blond, 1992; Hampton and Lee, 1996).  
The presence of active fault zones in the Puerto Rico trench implies that there is a potential threat 
of repeat submarine slides and accompanying tsunamis. 
 
 In this study, geophysical data collected during the June-July 1996 cruise on board the 
R/V Maurice Ewing (Chief Scientist Grindlay, Co-Chiefs Paul Mann and James Dolan) and 
existing onshore well and outcrop data are used to provide estimates of the volume and density 
of material involved in the debris avalanche that formed the large amphitheater-shaped scarp.   
These data include sidescan sonar imagery (HMR1-system) which provides information about 
the reflectivity and nature of seafloor material and structures.  High-resolution multibeam sonar 
bathymetric data (Krupps-Atlas Hydrosweep system) provide vertical depth resolutions on the 
order of 10-15m and swath widths up to 2.5 the water depth.  Accurate bathymetric maps are 
used to estimate the surface area of the material involved in the slide.  Single-channel seismic 
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(SCS) profiles provide information about the subsurface structures, including location of 
headwall scarps and extent and thickness of units that pre- and post-date the slide.  Onshore well 
data from CPR-4 (Briggs, 1961) and Toa Baja wells (Anderson, 1991) are used to make 
lithologic and age correlations of seismic reflection data and determine physical properties of 
these units.  The volume and density estimates of the material involved in the submarine 
landslide provided in this report will be used in numerical models to estimate potential tsunami 
propagation and runup. 
 

Results 
 
Classification and morphologic description of submarine landslide 
 
 On the basis of the geophysical data the landslide that generated the amphitheater-shaped 
scarp on the south slope of Puerto Rico trench was most likely a debris avalanche. Varnes (1978) 
define a debris avalanche as a landslide that involves the failure of hundreds to thousands of 
cubic kilometers of rock and sediment that have disintegrated into relatively smaller pieces 
(compared to the large slump blocks but can include blocks of many cubic kilometers) and have 
clearly moved rapidly.  Each debris avalanche is thought to represent a single episode of 
catastrophic slope failure.  The bathymetric and sidescan imagery clearly show a giant 
amphitheater-shaped scarp that is approximately 57 km across (Figures 2 A, B, and 3). The 
crown of the headwall scarp lies at depths of 2500 m to 3500 m. The debris deposit shown as 
dark, highly reflective material in the sidescan imagery extends more than 25 km down the slope 
to depths of approximately 7000 m (Figures 2A &B). The seismic profile 20 shows a thin layer 
characterized by chaotic returns and a hummocky surface that is the uppermost unit on the 
amphitheater-shaped scarp (Figure 4). 
 
Description of the stratigraphic units on the south slope of the PR trench 
 
 Seismic profiles that extend across the northern insular margin of  Puerto Rico show that 
the offshore stratigraphy of the platform can be divided into three megasequences (Meyerhoff et 
al., 1983; van Gestel et al., in review)(Figure 4, SCS profile 20).  On the basis of well data from 
CPR-4 and Toa Baja wells these sequences can be correlated with lithologic units of defined 
ages (Figure 5) (Meyerhoff et al., 1983; van Gestel et al., in review). The lowest unit, PR1 
consists of island arc basement rocks which based on subaerial exposures and samples dredged 
offshore (Fox and Heezen, 1975; Perfit et al. 1980) are of Cretaceous to Eocene age.  The middle 
unit, PR2, does not correlate to any major formation or group of formations on Puerto Rico 
(Meyerhoff et al., 1983) but is speculated to be of Eocene age and formed as a basinal fill in a 
deep marine setting.  Meyerhoff et al., (1983) and van Gestel et al., (in review) note that this unit 
is offset by large normal faults that extend upward into the overlying unit.  It is possible that 
reactivation of these faults due to recent tectonic activity has resulted in their growth into the 
overlying unit PR3.  The uppermost unit, PR3, consists of Oligocene-Pliocence shallow marine 
limestones deposited during a tectonically quiescence period (Moussa et al, 1987; Meyerhoff et 
al., 1983, Reflectors within PR3 can be subdivided in five individual sequences that are 
conformable with reflectors in the underlying PR2 (van Gestal et al., in review) (Figure 5).  
Overall, unit PR3 is characterized by continuous parallel reflectors, constant thickness and 
constant dip that persists through the offshore units.  During the past 2.5 m.y. the submarine part 
of PR3 has subsided more than 4000 m generating a 4.5° regional slope (Birch, 1986).  
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 At the base of south slope SCS profile 20 shows thick onlapping deposits of stratified 
material characteristic of turbidites.  Core and dredge samples show the top portion of this unit to 
consist of turbidites (Conolly and Ewing, 1967; Fox and Hezzen 1975, Perfit et al. 1980). The 
source of these deposits is unknown, although it is likely that some portion consists of sediments 
transported across the shelf and down the scarp face through the submarine canyons.  These 
deposits have been offset vertically and most likely laterally by the South Puerto Rico slope 
fault.  In addition a small, lower headwall scarp is observed cutting these deposits at 7500m. 
 
Estimates of volume and density of material involved in the landslide 
 
 SCS Profile 20 suggests that only unit PR3 was involved in the submarine landslide, as it 
is the only unit to be truncated abruptly at the upper headwall scarp (Figure 5).  Unit PR2 
appears to vary little in thickness, although the seismic data do not provide enough penetration to 
clearly delineate the interface between units PR2 and PR1.  On the basis of systematically 
collected SCS profiles over the platform, van Gestel et al., in press, estimate that the thickness of 
unit PR3 ranges from 1500 km to 1300 km (assuming a velocity of 2.75 km/s) at the upper 
headwall scarp.   Given the surface area of failure calculated to be ~ 700 km2 (Figure 6) a 
volume of ~ 910-1050 km3 material is estimated to be involved in the landslide.  Geophysical 
logs from the Toa Baja well (Anderson, 1991) indicate tha t unit PR3 has a density of 2.2 g/cm3. 
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Figures 
 
Figure 1. Shaded relief of regional bathymetry (1 min grid interval).  Contour interval is 500m.  
Box indicates location of study area.  The location of CPR-4 and Toa Baja wells on the north 
coast of Puerto Rico are indicated by filled white circles.  
 
Figure 2A. Side scan sonar imagery (HMR1) of amphitheater-shaped scarp cut into the northern 
Puerto Rico insular margin and debris deposit downslope. Highly reflective areas such as fault 
scarps, bare rock surfaces, appear as dark gray to black; areas with limited backscatter such as 
heavily sedimented surfaces and shadowed areas appear as light gray.  Also identified:  a 
possible lower headwall scarp at the base of the slope, the South Puerto Rico Slope Fault Zone 
and submarine canyons cut into the Oligocene-Miocene carbonate platform.  The north coast of 
Puerto Rico is shown in black, areas of no data are in white.   Location of seismic profile shown 
in Figure 5 is marked by dashed white line. 
 
Figure 2B.  Bathymetric map (250m grid- interval) of the study area at the same scale as the side 
scan sonar imagery.  Contour interval is 100 m.  The crown of the amphitheater-shaped scarp 
ranges from 2500-3500 m.  The base of the upper scarp lies at approximately 7000m water 
depth.  Location of the seismic profile 20 shown in Figure 4 is indicated by the dashed white 
line.  The north coast of Puerto Rico is shown in black; areas of no data are in  white. 
 
Figure 3.  A three-dimensional perspective view of the amphitheater-shaped scarp.  View from 
the northeast.  Modified from Grindlay et al., in prep. 
 
Figure 4.  Interpretation of main seismic megasequences of the northern margin of Puerto Rico 
from EW96-05 SCS line 20.  This line is considered representative of several lines which extend 
across the margin.  This figure shows the head-wall scarp of the amphitheater-shape scarp, debris 
deposits associated with scarp, the location of South Puerto Rico Slope Fault Zone, recent 
turbidite deposits within the trench and the lower-head wall scarp and associated debris deposit 
at the base of the slope. 
 
Figure 5.  CPR-4 and Toa Baja well logs from Briggs (1961) and (Anderson, 1991) and 
correlation of seismic sequences PR1 and PR3 identified in SCS profile 20 (Figure 5).  Eustatic 
sea level curve of Haq et al., (1987) also shown.  After van Gestel et al., in review. 
 
Figure 6.  Shaded surface area ~700 km2 of estimated material involved in submarine slide 
assuming a slope-parallel shelf break rather than the observed scalloped morpho logy.  Contour 
interval is 100 m. 
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FIGURE 4 
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